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We examine the role of consistency with causality and quantum mechanics in determining the
properties of gravitation. We begin by examining two different classes of interacting theories of
massless spin 2 particles – gravitons. One involves coupling the graviton with the lowest number
of derivatives to matter, the other involves coupling the graviton with higher derivatives to matter,
making use of the linearized Riemann tensor. The first class requires an infinite tower of terms for
consistency, which is known to lead uniquely to general relativity. The second class only requires a
finite number of terms for consistency, which appears as another class of theories of massless spin
2. We recap the causal consistency of general relativity and show how this fails in the second class
for the special case of coupling to photons, exploiting related calculations in the literature. In a
companion paper [1] this result is generalized to a much broader set of theories. Then, as a causal
modification of general relativity, we add light scalar particles and recap the generic violation of
universal free-fall they introduce and its quantum resolution. This leads to a discussion of a special
type of scalar-tensor theory; the F (R) models. We show that, unlike general relativity, these models
do not possess the requisite counterterms to be consistent quantum effective field theories. Together
this helps to remove some of the central assumptions made in deriving general relativity.
Introduction.—General relativity is consistent with ob-
servations over a vast range of length scales. The 1/r2
force law has been tested down to fractions of a millime-
ter, while precisions tests of the relativistic theory have
occurred on solar system scales, binary pulsars, and even
the recent gravitational wave observations of merging bi-
nary black holes. On galactic and cosmological scales
there is also agreement, though it does require the intro-
duction of some as yet undiscovered form of dark matter
and a small but nonzero amount of dark energy [2].
The latter has provided some of the central motiva-
tions for considering alternatives to general relativity. It
is difficult to understand why the vacuum energy is so
small, despite there being known large contributions from
massive particles running in loops, such as top quarks.
Furthermore, the coincidence problem (why there is a
comparable amount of matter and dark energy today),
as well as the cosmological horizon, homogeneity, and
flatness problems are also sometimes invoked as moti-
vations. Also, there are a suite of difficulties in under-
standing general relativity as a quantum theory, includ-
ing nonrenormalizability, trans-Planckian unitarity vio-
lation, black hole information paradox, and global issues
associated with de Sitter space and eternal inflation.
This range of primarily conceptual challenges, leads
one to enquire just how inevitable general relativity is;
whether theoretically consistent alternatives exist. It is
sometimes thought that indeed general relativity follows
inevitably as the unique consistent theory of massless
spin 2 particles at low energies. Following uniquely if
one only assumes the Lorentz symmetry applied to the
spin 2 degrees of freedom. That to deviate from general
relativity requires either a violation of Lorentz symmetry,
or the introduction of additional degrees of freedom.
In this letter we clarify some aspects of this basic idea.
Firstly, we point out that in fact classes of theories of
massless spin 2 particles exist, which are Lorentz in-
variant and do not propagate new degrees of freedom.
The most basic one involving the least number of deriva-
tives, so called minimal coupling, and the others involv-
ing higher derivatives (the latter can be organized to not
propagate any additional degrees of freedom). While the
first leads to general relativity, the seconds appears as
another class of theories of spin 2, and was earlier in-
troduced in Ref. [3]. We examine this second class in
the special case of coupling to photons. We examine
the propagation of photons in the second theory, show-
ing there is superluminality (by exploiting related results
in the literature) and forbidding a possible UV comple-
tion. In a companion paper [1] this idea is developed
further and generalized to a much larger set of theories,
including couplings to fermions and scalars, using a more
systematic analysis.
Secondly, we study conventional ways to modify gen-
eral relativity by the addition of new light scalars. We
emphasize that in the Standard Model of particle physics
only the Lorentz symmetry is postulated and most cou-
plings compatible with it are observed. Similarly, new
scalars should generically come with many parameters
leading to violation of the observed universality of free-
fall. However, quantum effects typically remove the prob-
lem by making the scalars heavy. This leads to an ex-
amination of the so-called F (R) models, which do have
the property of immediately ensuring the universality of
free-fall. We show that such theories, unlike general rela-
tivity, fail to have the appropriate set of counterterms in
the domain of applications of these theories, and so they
fail to be consistent quantum effective field theories.
Massless Spin 2 Particles.—We are interested in con-
structing theories of massless spin 2 particles from the
ground up. As is well known, the massless spin 2 unitary
representation of the Lorentz group involves two helici-
ties in 3+1 dimensions. It is useful to embed these two
degrees of freedom into a symmetric tensor field in order
2to build a local theory. We shall denote this hµν and
we will shortly discuss to what extent this may be inter-
preted as a metric field. Since hµν is a 10 component
object, we need to remove 8 of the 10 degrees of freedom;
4 are removed by the introduction of constraints on hµ0,
while another 4 can be removed by the introduction of
an identification hµν ≡ hµν + ∂µαν + ∂ναµ, where αµ,
the gauge function, parameterizes a family of physical
equivalent representations of the same state |ψ〉.
If one fixes the gauge, then under a Lorentz transfor-
mation Λρµ, the field hµν transforms as
hµν → Λρµ Λσν hρσ + ∂µΩν + ∂νΩµ (1)
where Ωµ depends on the gauge choice and Λ
ρ
µ. Since
hµν is evidently not a Lorentz tensor, it is generally very
difficult to construct a Lorentz invariant interacting the-
ory when we couple hµν to matter. There does exist,
however, a manifestly gauge invariant and indeed Lorentz
covariant 4-tensor we can construct out of derivatives of
hµν ; the linearized Riemann tensor
R(L)µνρσ ≡
1
2
(∂ρ∂νhµσ + ∂σ∂µhνρ − ∂σ∂νhµρ − ∂ρ∂µhνσ)
(2)
which we will explicitly make use of in the upcoming
“Type II” theories.
The free theory of these spin 2 particles is associ-
ated with terms of the form ∼ (∂h)2. By demanding
Lorentz/gauge invariance, only a unique set of terms is
allowed, up to boundary terms, which is
Lhkin =
1
2
(∂h)2 − 1
2
∂hµν∂h
µν + ∂µh
µν∂νh− ∂µhρσ∂ρhµσ
(3)
where h ≡ hµµ and we have scaled the coefficient of the
first term to 1/2 without loss of generality.
Type I: Lowest Number of Derivatives.—The interac-
tion that involves the least number of derivatives, and
hence would be most relevant at large distances, is to
attempt to couple hµν directly to matter as follows
Lint = hµν τµνM (4)
where τµνM is some symmetric tensor built out of the mat-
ter fields, whose properties we shall shortly identify. Ev-
idently this term is not gauge invariant for a generic τµνM ,
which means the theory is not unitary as it would prop-
agate the wrong number of degrees of freedom. Alterna-
tively, one could try to define this term in a particular
gauge to avoid additional degrees of freedom, but then
one would find the term is not Lorentz invariant as hµν
is not a proper Lorentz tensor.
It is easy to see that under a gauge transformation and
an integration by parts, the problem is fixed by taking
τµνM to be conserved ∂µτ
µν
M = 0. So τ
µν
M should be pro-
portional to the matter energy-momentum tensor T µνM as
follows τµνM = −κ2T µνM , where κ is a coupling. We are as-
sured that this is conserved due to translation invariance
(at least to leading order; more on this shortly). This im-
mediately implies that all matter particles φi must couple
universally to hµν , with strength κ1 = κ2 = . . . = κ, as
only the total energy-momentum tensor is conserved for
interacting particles. This implies the (weak) equivalence
principle.
This ensures the theory is gauge invariant on-shell.
To also be gauge invariant off-shell one must endow the
matter fields with a gauge transformation rule, such as
φi → φi + καµ∂µφi for scalars [4]. However, the gauge
invariance is only ensured to order κ, since the presence
of this interaction means that energy and momentum
will in general be exchanged between matter and gravi-
tons, so T µνM is no longer exactly conserved. This re-
quires several fixes: (i) one must include the coupling
of hµν to itself as gravitons carry energy and momen-
tum, (ii) at higher order in κ one must modify the gauge
transformation rule for hµν to involve higher order cor-
rections, (iii) the gauge transformation rule for mat-
ter must also involve higher order corrections, such as
φi → φi + καµ∂µφi + 12κ2αµαν∂µ∂νφi + . . ., and (iv) an
infinite tower of interaction terms, in powers of κ, must
be included with the schematic “ ” form
Lint = κ
(−hµνT µνM /2 + “h(∂h)2”)
+ κ2
(
“h2 TˆM” + “h
2(∂h)2”
)
+ . . . (5)
where every term is determined uniquely in terms of κ,
up to boundary terms and field redefinitions. Amazingly,
this infinite series can be re-summed for any matter La-
grangian LM (φi, ηµν) [5], giving the Einstein-Hilbert ac-
tion
SI =
∫
d4x
√−g
[ R
16πG
+ LM (φi, gµν)
]
(6)
where G ≡ κ2/(16π), gµν ≡ ηµν + κhµν , and the matter
Lagrangian involves the lift to “minimal coupling” ηµν →
gµν and ∂µ → ∇ν . The gauge invariance is lifted to the
full diffeomorphism invariance φi(x
µ) → φi(xµ + καµ)
and R is the fully nonlinear Ricci scalar. Now gµν in-
evitably has a geometric interpretation.
Hence Type I coupling leads uniquely to general rela-
tivity and all of its successes. This theory can even be
quantized, in the low energy regime, with concrete quan-
tum gravity predictions such as [6]; we shall return to this
issue later. Furthermore, by including some small, but
nonzero, vacuum energy in the matter Lagrangian this
can even account for cosmic acceleration. This theory
does lead to conceptual puzzles, such as the cosmological
constant problem, black hole information paradox, etc, as
mentioned in the introduction, but is in great agreement
with observations.
Type II: Higher Number of Derivatives.— Here we
would like to describe a much bigger class of theories
of massless spin 2 particles; this was introduced ear-
lier in Ref. [3] and some other work includes Ref. [7].
By exploiting the gauge invariant object R
(L)
µνρσ defined
in eq. (2) we can immediately write down a manifestly
gauge/Lorentz invariant class of theories by coupling it
3into essentially any four index object τ˜µνρσM with interac-
tion Lint = R(L)µνρσ τ˜µνρσM giving
SII =
∫
d4x
[
Lhkin + LM (φi, ηµν) +R(L)µνρσ τ˜µνρσM
]
(7)
Note that this object involves only a finite number of
terms in powers of hµν , unlike the Type I theory that
involves an infinite tower of terms. (Both types are of
course nonrenormalizable in 3+1 dimensions so higher
order terms will be generated by quantum mechanics,
which we shall return to later). Also note that for any
matter Lagrangian LM , we are essentially free to choose
any new independent object τ˜µνρσM which may be built
out of many new parameters, unlike in Type I where the
interaction term comes uniquely specified by the matter
Lagrangian through the minimal coupling procedure. We
further note that in Type II we can have many different
flavors of massless spin 2 particles, without any contra-
diction, while in Type I there can only be a single flavor.
As a concrete example of the interaction, if the mat-
ter involves N vector fields with field strengths Fµν,i we
could choose τ˜µνρσM to be
τ˜µνρσM =
N∑
i=1
[
ai F
µν
i F
ρσ
i + bi η
µρF νβi F
σ
i β + ci η
µρηνσF 2i
]
(8)
where the ai, bi, ci are couplings. In general some con-
straints may be placed on the relative sizes of the ai, bi, ci
to avoid higher time derivatives and ghosts, however
there is no requirement for the couplings to be universal.
So a1 6= a2 6= a3 6= . . . is permitted by the Lorentz sym-
metry. Hence such a theory does not imply the (weak)
equivalence principle.
Principles in Physics.— If we considered the equiva-
lence principle to be another fundamental postulate, then
this would suffice to reject this entire Type II class in fa-
vor of the very special Type I. However, in this work we
only take the Lorentz symmetry as a fundamental postu-
late, and the equivalence principle is to be derived rather
than assumed.
In fact it is useful to put this point of view in a broader
perspective. It is often suggested that modern particle
physics is built out of various additional postulates, such
as the “gauge principle” or “principle of minimal cou-
pling”. However, if we examine the structure of the Stan-
dard Model, in particular its symmetries, a different pic-
ture emerges: (i) Exact symmetries: CPT derives from
locality and unitarity, while SU(3)×SU(2)×U(1) gauge
is derived as an identification to remove the unphysical
components of fields associated with twelve spin 1 parti-
cles. (ii) Approximate symmetries: U(1)B, U(1)B−L are
derived as accidental. (iii) Asymmetries: C, P , T , chiral,
scale, etc, are not derivable from Lorentz symmetry and
are not realized in nature. So in the Standard Model of
particle physics, only that which follows from the Lorentz
symmetry (applied to unitary representations) is realized,
and no additional postulates appear to be required.
Furthermore, the global U(1), associated with electric
charge, derives from considering the analogous Type I
theory of massless photons coupled to charged matter
with the lowest number of derivatives as AµJ
µ
M , which
requires coupling to a very special conserved JµM (just as
τµνM above). On the other hand, we can also consider an
analogous Type II theory of massless photons coupled to
neutral matter with a higher number of derivatives as
Lint = Fµν J˜µνM (9)
which does not require anything special about J˜µνM (just
as τ˜µνρσM above). In fact this describes the low energy
effective theory of photons coupled to neutrinos with
J˜µνM ∝ ψ¯ σµνψ, etc. So at the level of the effective theory,
both Type I and Type II theories are realized in nature
for photons coupled to matter. This begs a question for
gravitation: why has nature chosen Type I and not the
much larger class Type II of gravitons coupled to matter?
There is reason to think that causality provides a pos-
sible answer to this question. We examine this in greater
detail and for a much broader class of models in a com-
panion paper [1]. For now we illustrate the idea in the
special case of coupling to photons.
Causality in Type I.— It is well known that in gen-
eral relativity with standard matter sources there is no
problem with causality [8]. This can be seen as fol-
lows: Consider photons minimally coupled to gravity
in Type I. In the geometrics optics limit, photons obey
the null geodesic equation kµkνg
µν = 0, where kµ is
the photon’s 4-momentum. The leading deflection from
null propagation k
(0)
µ on the Minkowski cone comes from
expanding in powers of the gravitational coupling as
kµ = k
(0)
µ + κ k
(1)
µ + . . . and gµν = ηµν − κhµν + . . ., giv-
ing kµkµη
µν ≈ κ k(0)µ k(0)ν hµν . Then using the linearized
Einstein equations in the Lorenz gauge h¯µν = −κT µνM
and solving for a particular solution gives [8]
kµkνη
µν ≈ 4G
∫
d3x′
k
(0)
µ k
(0)
ν T
µν
M (x
′, tR)
|x− x′| (10)
which clearly satisfies kµkµη
µν ≥ 0 for any matter T µνM
that satisfies null-energy condition. Hence light stays in-
side the Minkowski cone and slows down in accord with
the Shapiro time delay.
Causality in Type II.—Let us focus on the case of the
four index object τ˜µνρσM given in eq. (8) and focus on a
single species; the photon. The modified Maxwell equa-
tions for a region of space-time that is Ricci flat is
∂µF
µ
ν − 4 aR(L)µνρσ∂µF ρσ = 0 (11)
Note that this equation is exact, the derivatives in Type
II are just ordinary, not covariant, derivatives.
In the geometric optics limit, the leading deflection
from null propagation on the Minkowski cone is [9]
kµkνη
µν ≈ −8 aR(L)µνρσkµkρ ǫνpǫσp
∣∣∣
(0)
(12)
4where all terms on the right hand side are evaluated for
free null propagation. Here ǫνp is the photon’s polariza-
tion unit vector with p = 1, 2 for each of the two modes.
For an appropriate choice of polarization and direction of
propagation, relative to the gravitational field, one can
arrange for kµkνη
µν < 0 going outside the Minkowski
cone. Since these theories are manifestly Lorentz invari-
ant, this leads to problems with causality. This idea is
greatly generalized in a companion paper [1].
In a related context of QED, minimally coupled to
gravity, it is known that one can integrate out the elec-
tron and generate terms of the form (8) (with the non-
linear Riemann tensor) with coefficients a, b, c ∼ ακ/m2e
[10]. However this does not produce superluminality
since the leading Shapiro time delay dominates over this
effect in its domain of applicability. Related ideas ap-
pear in the context of string theory [11]. However, in
the context of this new class of spin 2 theories, where
this is the leading interaction, superluminality appears
unavoidable.
Additional Fields.— There does exist a manifestly
causal way to modify gravitation. This involves the intro-
duction of additional degrees of freedom. Since fermions
do not mediate long range forces, and vectors (with min-
imal coupling) have sources that tend to neutralize, we
focus on the remaining case of adding light scalars.
Usually in the literature a scalar χ is added that is
taken to couple universally to the trace of the matter
energy-momentum tensor at leading order as
S = SI +
∫
d4x
√−g
[
1
2
(∂χ)2 + γ χ gµνT
µν
M + . . .
]
(13)
where γ is a coupling. Here the universal coupling is in-
serted to be compatible with the (weak) equivalence prin-
ciple. But as described earlier in this letter, the Standard
Model does not give any reason to utilize any principle
beyond that of just the Lorentz symmetry. Since χ is a
gauge singlet scalar, we could take any gauge invariant
term in the Standard Model LSM,j and multiply it by χ
S = SI +
∫
d4x
√−g

1
2
(∂χ)2 + χ
∑
j
γj LSM,j + . . .


(14)
where γj are arbitrary couplings, and obtain a Lorentz
invariant theory.
So to assume the form (13) is to tune the theory
to be compatible with tests of the universality of free-
fall, which have constrained |∆a/a| < 10−13 [12]. One
may appeal to technical naturalness to justify such uni-
versal couplings [13], or to link χ to the dilaton of a
spontaneously broken scale symmetry [14], or to special
fields associated with extra dimensions. However, generic
scalars beyond the Standard Model do not have this fea-
ture of universal coupling. Instead Lorentz symmetry
suggests the non-universal (14) is much more generic.
This poses a challenge to deriving the (weak) equiva-
lence principle. However, if we take quantum effects into
account, then a generic scalar χ will pick up a mass from
Standard Model particles running in a loop of the form
∆mχ ∼ γ Λ2UV /(4π) (or ∆mχ ∼ γ mSMΛUV /(4π)), us-
ing a hard UV cutoff on the loop integral ΛUV . For γ & κ,
and unless the cutoff is extremely low, the scalar χ will be
typically heavy and unable to mediate long range forces,
so general relativity is recovered at large distances.
F(R) Gravity: Classical Treatment.—A popular frame-
work that is both causal and enforces the universality
of free-fall are the so-called F (R) models. Here the
Einstein-Hilbert action eq. (6) is modified as R→ F (R).
Note that inside any nonlinear function F (R) are higher
derivatives. This can be seen by expanding around a
Minkowski background obtainingR = κ(∂µ∂νhµν−h)+
O(κ2h(∂h)2). The ∼ κ ∂2h terms here only lead to a to-
tal derivative in the action if F (R) is linear in R, but
for nonlinear F (R) these higher derivatives have conse-
quences. At the classical level, these consequences can
be captured by the introduction of a scalar χ with action
Sχ =
∫
d4x
√−g
[ R
16πG
+ LM (φi, gµνf(χ))
+
1
2
(∂χ)2 − V (χ)
]
(15)
where f(χ) and V (χ) are functions that depend on the
choice of F . Note that χ couples to matter in a universal
way through the single function gµνf(χ), satisfying the
(weak) equivalence principle.
A popular example is F (R) = R + ζR2/M2Pl (with
MPl ≡ 1/
√
16πG and ζ ≫ 1) which is a model of inflation
[15]. Here the classically equivalent scalar χ plays the role
of the inflaton. Its potential turns out to be
V (χ) =
M4Pl
4 ζ
(
1− exp
(
− χ√
3MPl
))2
(16)
For large field values χ ≫ MPl the potential is expo-
nentially flat and inflation takes place. One computes
correlation functions of the scalar mode of the form
〈BD|χ(x)χ(y)|BD〉 (where |BD〉 is the Bunch-Davies vac-
uum) to obtain an approximately scale invariant spec-
trum of density perturbations with small red tilt ns−1 ≈
−2/Ne ∼ −0.04 and tensor-to-scalar ratio r ≈ 12/N2e ∼
0.004. These predictions are compatible with recent data
[16]. Similarly there exist many popular models of dark
energy associated with various choices of F (R) [17].
F(R) Gravity: Quantum Treatment.—Here we would
like to examine F (R) gravity as an effective field the-
ory. To begin, let’s return to the Einstein-Hilbert action
eq. (6) and try to study it as a quantum theory. The
quantum partition function is
ZI =
∫ ∏
p
Dhp
∏
i
Dφi eiSI [hp, φi]/~ (17)
where the first measure of the path integral is over the two
modes of the graviton labelled p = 1, 2 and the second
measure is over the matter fields. In practice there are
5various complications associated with gauge fixing and
constraints, but this is the formal structure. In principle
this allows one to compute various correlation functions
such as 〈hp(x)hp′ (y)〉, 〈φi(x)φj(y)〉, etc. If we perform
the path integral partially by integrating down to some
scale Λ, we will generate a new Wilsonian effective action
including corrections such as
SI,eff = SI(Λ) +
∫
d4x
√−g
[
c1(Λ)R2 + c2(Λ)RµνRµν
+c3(Λ)RµνρσRµνρσ + . . .
]
(18)
(plus some non-local terms, etc.) These additional terms
are required as counterterms to cancel divergences asso-
ciated with graviton loops. As long as we focus on only
the physical degrees of freedom, such as the two modes
of the graviton, we can use this effective theory to com-
pute quantum effects. (In fact quantization of the leading
Einstein-Hilbert term SI already gives rise to long range
corrections to gravitation; see Refs. [6]).
Note that the effective Lagrangian in eq. (18) formally
involves higher derivatives due to the presence of the
terms R2, etc. Furthermore the presence of these types
of terms might, at first sight, seem to justify the kind of
F (R) actions that we wrote above. However, it is essen-
tial to not use these higher derivative terms incorrectly;
the original path integral is only defined with a measure
for the two modes of the graviton and the matter fields.
The measure does not include integration over additional
degrees of freedom, such as a scalar χ. Instead the path
integral forces these to be spurious additional degrees of
freedom; they can never be external and on-shell.
By contrast, the F (R) models, as applied to inflation
and dark energy etc, explicitly make use of the additional
scalar χ. This scalar is given its own dynamics, its own
phase space, and its own independent set of fluctuations
that are used as the source of density perturbations. This
means the F (R) models are disconnected from a rigorous
quantum treatment of the Einstein-Hilbert action.
One might attempt to quantize F (R) using the path
integral. However, the path integral requires one to in-
tegrate over all the physical fields in the theory. So we
would need to explicitly use the scalar χ and form
Zχ =
∫ ∏
p
DhpDχ
∏
i
Dφi eiSχ[hp, χ, φi]/~ (19)
Again by integrating over high energy modes, we form a
new type of Wilsonian effective action
Sχ,eff = Sχ(Λ) +
∫
d4x
√−g
[
d1(Λ)(∂χ)
4 + . . .
]
(20)
(plus generating R2 terms, etc, again). We emphasize
the presence of new counterterms, such as (∂χ)4. These
additional counterterms are required to cancel new diver-
gences that arise from the ability to put the χ external
and on-shell. It is very important to note that such addi-
tional terms cannot be put in the F (R) form, and more
generally, cannot put in the form of some function only
of the metric when generic matter is included. Hence the
F (R) models, which exploit the dynamics of the addi-
tional degree of freedom, contain cut-off dependence in
the quantum theory without the required counterterms
to be a consistent quantum effective theory.
We note that in other formulations of gravity, such as
Palatini, similar conclusions hold. Namely, in construc-
tions in which there are no new degrees of freedom, then
the theory can always be recast into the general relativ-
ity form with a collections of appropriate counter-terms.
While, in constructions in which there is a new degree
of freedom, it can only be self-consistently quantized by
re-organization into the scalar-tensor form.
Outlook.—The above arguments help toward deriving
general relativity as the only consistent theory involving
massless spin 2 at low energies: (i) Type II theories that
utilize higher derivative couplings (but can avoid extra
degrees of freedom) can lead to problems with causal-
ity; see Ref. [1] for an extended analysis. (ii) Additional
scalars, which would generically lead to non-universal
free-fall, are typically expected to be heavy due to quan-
tum effects. (iii) F (R) models are not consistent quan-
tum effective field theories.
However, important puzzles remain, including under-
standing dark energy. The smallness of the vacuum en-
ergy within the framework of general relativity does have
a candidate explanation by introducing many (heavy)
scalars, leading to a potential with an exponentially large
number of vacua. Though it is unclear how to formulate
probabilities in this context. While the behavior of grav-
itation at the Planck scale requires further new physics.
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